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A Concentration Rebound Method for Measuring Particle
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Continuous, size resolved particle measurements were perfor-
med in two houses in order to determine size-dependent particle
penetration into and deposition in the indoor environment. The ex-
periments consisted of three parts: (1) measurement of the particle
loss rate following artificial elevation of indoor particle concentra-
tions, (2) rapid reduction in particle concentration through induced
ventilation by pressurization of the houses with HEPA-filtered air,
and (3) measurement of the particle concentration rebound after
house pressurization stopped. During the particle concentration
decay period, when indoor concentrations are very high, losses due
to deposition are large compared to gains due to particle infiltra-
tion. During the concentration rebound period, the opposite is true.
The large variation in indoor concentration allows the effects of
penetration and deposition losses to be separated by the transient,
two-parameter model we employed to analyze the data. For the
two houses studied, we found that as particles increased in diame-
ter from 0.1 to 10µm, penetration factors ranged from∼1 to 0.3
and deposition loss rates ranged from 0.1 and 5 h−1. The decline in
penetration factor with increasing particle size was less pronounced
in the house with the larger normalized leakage area.

INTRODUCTION
Particulate air pollution is associated with increased mor-

bidity and mortality even at the generally low levels of air
pollution found in United States cities (Dockery et al. 1993;
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Pope et al. 1995; Samet et al. 2000). The exact compounds
and/or particle size ranges responsible for these health effects
have not yet been determined. The indoor environment pro-
vides a significant, if not dominant, exposure potential for par-
ticles for two primary reasons. First, people spend most of their
time indoors—typically∼90% (Jenkins et al. 1992; Robinson
and Nelson 1995). Second, indoor concentrations of particles
of outdoor origin are estimated to be on the same order as
outdoor concentrations (Wallace 1996; Ott et al. 2000; Riley
et al. 2001). Indoor concentrations of particles of outdoor ori-
gin are influenced by many building and environmental fac-
tors, such as air leakage rates and ventilation system design.
Thatcher et al. (2001) identified and evaluated sources of data
for those factors that affect the transport into and concentra-
tion of outdoor particles within the indoor environment. In ad-
dition to particles of outdoor origin, particles generated from
indoor sources, such as tobacco smoke, cooking fumes, or pet
dander, may present significant specific health concerns and
may add to the total health burden associated with particle
exposures.

Particle deposition within the home will reduce indoor air-
borne concentrations of particles with both indoor and outdoor
origins. For this reason, understanding deposition loss rates un-
der typical residential conditions is important for assessing hu-
man health impacts from indoor particles. Many experiments
have been performed to study particle deposition in the indoor
environment (Offermann et al. 1985; Xu et al. 1994; Byrne et al.
1995; Thatcher and Layton 1995; Fogh et al. 1997; Abt et al.
2000; Long et al. 2001; Vette et al. 2001; Mosley et al. 2001;
Thatcher et al. 2002). Results from these studies show a wide
degree of variability in deposition rate for any given particle
size. This variability is due, at least in part, to variations in the
conditions under which deposition rates were measured. Factors
such as airflow conditions, quantity and nature of furnishings,
interior surface-to-volume ratio, surface-to-air temperature dif-
ferences, particle stability, and measurement method may all be
expected to influence the measured deposition rate.
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Another key factor influencing indoor exposures to particles
of outdoor origin is the effect of losses due to particle filtration
by the building shell. These losses are typically quantified by
the use of a penetration factor, P, defined as the fraction of par-
ticles in the infiltrating air that pass through the building shell.
Previous experiments on penetration factors have found a large
variation in values. In some cases, it appears these variations
are due to the variability found in houses and in experimental
conditions. In other cases, the results are confounded by the in-
ability to separate deposition and penetration effectively and to
account for time dependencies in the underlying measured val-
ues. Thatcher and Layton (1995) measured particles as a function
of size and found penetration factors near 1 for particles with di-
ameters larger than 1µm for the single residence studied. These
results suggested that the shell of the building studied provides
essentially no filtration for these particles. However, this study
was performed using only a small number of replicates in a
single residence and may not be representative of the general
building population. Wallace (1996) also calculated penetration
factors very close to 1 for PM 2.5 and PM 10, based on the
particle mass data from the EPA PTEAM study for a large num-
ber of households in the Los Angeles area. These data do not
lend themselves to understanding whether particle penetration
is particle-size dependent. Cristy and Chester (1981) generated
large quantities of 2µm-diameter spores outside a trailer home,
which are often poorly sealed structures, and measured the in-
door concentration response. Based on their data, they conclude
that penetration losses did not have a significant effect on indoor
concentrations. Vette et al. (2001) reported penetration factors
for a single house between 0.4 and 0.9 for ambient particles
with diameters between 0.01 and 2.5µm. However, they did not
measure air exchange rates during the period for which the pen-
etration rates were calculated. Because air exchange rates vary
from period to period, their results have a large uncertainty asso-
ciated with them. Thatcher and Layton (1995), Wallace (1996),
and Vette et al. (2001) all based their results on measured am-
bient particle concentrations. Ambient outdoor particles may
undergo unknown reactions and/or transformations in the in-
door environment that can complicate interpretation of results.
As we discuss further below, this is particularly important in the
western U.S., where volatile ammonium nitrate particles can
represent a significant portion of the particle mass.

Abt et al. (2000) calculated a factor they termed the “effec-
tive penetration efficiency,” which combines both deposition and
penetration losses for outdoor particles. However, their analysis
did not separate the two factors. Long et al. (2001) described
an “infiltration factor” which was equivalent to the “effective
penetration efficiency” discussed above, where the effects of
deposition and penetration losses are not separated. They also
determined values for deposition and penetration losses using a
random effects mixed model on data from nine homes and re-
ported penetration factors between about 0.9 and 0.3 for particles
between 0.02 and 6µm, respectively. They reported penetration
values for one individual home where the “windows and doors

were predominantly left open.” As the particles increase in di-
ameter from 1 to 6µm they report that modeled “penetration
efficiencies drop precipitously” (P = 0.9, 0.82, 0.74, 0.69, and
0.53 for particle diameter bins 1–2, 2–3, 3–4, 4–5, and 5–6µm,
respectively). The low values for the larger particle sizes seem
physically unreasonable, since when windows are open nearly
all of the air exchange will occur through the open windows,
where the penetration factor will be 1. A potential reason for
the incongruity using their approach is that the method fits a
single value of penetration factor to all of the data, regardless
of whether windows and doors are open or closed. Since homes
will tend to have higher air exchange rates (and penetration fac-
tors near 1) when windows are open and lower air exchange
rates when windows are closed, a single value for P cannot be
used to fit the entire data set. Additionally, Long et al. used a
steady-state model to analyze their data. However there is no
indication that the indoor concentration was constant over time
(dCi/dt= 0), as required by a steady-state model or an analysis
of the effect of using a steady-state model to analyze nonsteady
data.

Roed and Cannell (1987) reported P= 1 for two radioactive
isotopes (131I and 7Be) and P= 0.53 for a third (137Cs), all
assumed to be bound to particles, based on measurements in a
single house. Koutrakis et al. (1992) measured PM 2.5 in 394
homes and estimated penetration factors between 0.58 and 1.04
for 8 elements primarily of outdoor origin. Their calculations
assumed that all 8 elements had an average deposition velocity
of 0.18 m/h—in effect, that the elements were all associated
with the same size particle. If the elements were truly associated
with the same particle size, then the reason for the differences
in penetration factors between elements is unclear. If they are
associated with different particle sizes, then the assumption of a
common deposition rate, independent of particle size, will lead
to large errors in the calculation of penetration factors. This will
be especially true for particles larger than 1–2µm in diameter
(Thatcher et al. 2002).

Chao and Tung (2001) report P= 0.85 based on measure-
ments of PM 2.5 in five homes and the assumption that indoor
deposition losses (β) were negligible. Consequently, their re-
ported penetration factor attributes both penetration and depo-
sition losses to building shell filtration and therefore overstates
the penetration loss rate. Tung et al. (1999) measured concen-
trations of PM 10 in an interior conference room and corridor of
an office building under conditions with the HVAC off and cal-
culated penetration factors for transport from the corridor into
the adjacent room ranging from 0.69 to 0.86. Their data show
that a large increase in the particle concentration in the corridor
did not cause any response in the conference room concentra-
tion, which they attribute to the low air exchange rate (0.29 h−1)
between the corridor and room. However, if a transient model
for air flow and particle transport between the corridor and the
room is constructed using their parameters, the modeled room
concentration shows a substantial response to the increase in the
corridor particle concentration. A possible explanation for this



PARTICLE PENETRATION AND DEPOSITION INDOORS 849

discrepancy is that some other pathway, such as the HVAC duct-
work, duct leaks, or the ceiling plenum, was the main source of
particle-bearing air infiltrating into the conference room, not the
leaks between the room and the corridor. Furthermore, with the
HVAC system off, it is not clear whether the room has a negative
pressure with respect to the corridor, which would have to be
the case in order to have air flow and particle transport between
these two spaces.

McMurry et al. (1985) measured indoor/outdoor (I/O) ratios
in a well-sealed residence, with no known indoor sources and
found no correspondence between these ratios and particle di-
ameter for particles between 0.1 and 1µm. In developing their
approach and analysis, they assumed that the indoor and out-
door concentrations were at steady state, even though the low
air exchange rates and correspondingly long residence times in
this study make steady-state conditions more difficult to achieve.
The potential impact of assuming steady state when the system
is transient can be seen in their data during a rainfall episode
where the I/O ratios rise dramatically for all size ranges due to
a sharp drop in outdoor concentrations. These I/O ratios decline
rapidly once the rainfall episode has concluded and outdoor par-
ticle concentrations rebound. The changes in the I/O ratio over
this period are probably influenced more by the time lag be-
tween the indoor and outdoor concentrations than by changes in
the physical processes influencing indoor concentrations.

In addition to the whole house studies listed above, sev-
eral studies have investigated penetration through manufactured
cracks in experimental chambers. Lewis (1995) reported pene-
tration factors ranging from 0.97 to 0.29 for particles increasing
in size from 1 to 6µm passing through a Perspex (plastic) slit
0.1 mm high and 40 mm wide with a pressure differential of
10 Pa maintained across the slit. Mosely et al. (2001) passed
monodispersed particles through manufactured aluminum slits
0.508 mm high and 10 cm wide. They found penetration factors
between 0.02 and 0.9 for 2µm particles and 0.001 and 0.05
for 5 µm particles, with a strong dependence on the pressure
differential across the crack.

In general, investigators conducting chamber studies have
reported lower penetration rates than those performing whole
house studies. The reasons for this are not entirely clear. How-
ever, it is reasonable that the penetration factor should be highly
influenced by the size and geometry of the infiltration route,
which has not been systematically investigated for a wide vari-
ety of houses. Liu and Nazaroff (2003) performed experiments
measuring penetration factors as functions of particle size, crack
height, pressure drop across the crack, and crack material. They
found that the height of the crack significantly influenced the
penetration factor. For example, they found that for 2µm par-
ticles traveling through a 9.4 cm long smooth crack, essentially
no particles deposited in a crack 1 mm high and nearly all par-
ticles deposited in a crack 0.25 mm high. Older homes, and
other homes which are not tightly sealed, may have a signifi-
cant portion of their infiltrating air entering through openings
around pipes and electrical outlets, poorly sealed windows, and

other pathways with relatively large dimensions. The ASHRAE
Fundamentals Handbook (ASHRAE 1997) reports that a large
fraction of air infiltrating into a residence can come from large
openings such as those around fireplace dampers (0 to 30%)
or in the heating system (3 to 28%). When large pathways are
predominant, penetration factors would be expected to be close
to unity. In a home without larger openings, where most of the
air enters through smaller cracks, the observed penetration rates
may approach those found in chamber studies.

Separating the effects of deposition and penetration in a full-
scale house is difficult. Often assumptions are made with respect
to either the deposition rate or penetration factor and the resulting
parameter is then used to calculate the other factor. Alternatively,
both Thatcher and Layton (1995) and Vette et al. (2001) first
determined the deposition rate by elevating the indoor particle
concentration, measuring the particle loss rate as a function of
particle size, and subtracting the exfiltration rate. The measured
deposition rates were then used along with ambient indoor and
outdoor measurements (with resuspension minimized) to deter-
mine the size-dependent penetration rate. Using this method,
any changes in the deposition loss rate or variability in outdoor
particle concentrations at “steady state” will lead to inaccuracies
in the calculated penetration factor.

In the present study, we describe a methodology for specif-
ically determining particle penetration as a function of particle
size that takes into account the significant factors influencing
such measurements, such as the particle size-dependent depo-
sition rate onto indoor surfaces, time variation in air exchange
rates and outdoor particle concentrations, and the potential ef-
fects of other particle loss mechanisms indoors. In contrast to
many of the previous studies, we seek to understand the physics
of penetration loss mechanisms using actual houses. Since both
the chemical composition and physical characteristics of par-
ticles vary with size, understanding particle penetration as a
function of particle size will be a critical component in testing
and evaluating various health and exposure hypotheses. It is also
important to understand whether particle penetration factors can
be related to the leakage characteristics of houses.

EXPERIMENTAL PROTOCOL
Since both deposition and penetration losses are particle size-

dependent and occur simultaneously, it is difficult to decouple
the effects of these processes in a residence. In our experimental
design the indoor concentration is varied over a wide range and
we analyze events where deposition is the dominant loss mecha-
nism and events where penetration losses dominate. A transient
model employing a two-parameter fit is used to determine the
combination of deposition rate and penetration factor that best
fits the observed data.

For this study we conducted experiments in two houses, one
in Clovis and the other in Richmond, California. At both sites,
a typical experiment began with a short period of indoor resus-
pension activities followed by a 1 to 2 hperiod of concentration
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Figure 1. Floor plan of the experimental house located in
Richmond, California. Particle measurement equipment was lo-
cated in the living room. Tracer gas concentrations were mea-
sured at locations denoted by stars, and indoor-outdoor pressure
differentials were measured at the locations shown by the open
circles.

decay. For some experiments at the Clovis house, a natural-gas-
stove burner was also ignited to increase the indoor concen-
tration of smaller particles. Following the concentration decay
period, the buildings were then pressurized using a High Effi-
ciency Particle Absolute (HEPA) filter mounted in a window at
the locations shown in Figures 1 and 2. The HEPA filter sup-
plies essentially particle free air (greater than 99.97% removal
of 0.3 µm diameter particles) and creates a positive pressure
gradient across the building shell (indoor pressure greater than
outdoor) that prevents the entry of outdoor particles, causing
the indoor particle concentration to decline to nearly zero. The
effectiveness of the pressurization was confirmed by measuring
the indoor-outdoor pressure differential across the building sur-
faces at various points. When the HEPA filter was then turned
off, infiltration of particle laden outdoor air resumed, and the

indoor particle concentration rebounded. During the entire ex-
periment, tracer gas measurements were made continuously at
several locations within the building. Size-differentiated particle
concentrations were measured every 3 min with particle instru-
ments located both inside and outside the building.

The resuspension process raises indoor concentrations of par-
ticles larger than∼0.2µm in diameter by causing particles that
have been deposited or tracked onto surfaces to disperse in the
indoor air. It is expected that these resuspended particles will be
chemically stable in indoor air and will not undergo transforma-
tion processes. During the concentration decay period, indoor
concentrations are relatively high and losses due to deposition
will be large compared to gains due to particle infiltration. The
deposition rates obtained during this period are stable and repro-
ducible. During the concentration rebound period, the opposite
will be true. Changes in indoor particle concentrations will be
due almost exclusively to infiltrating outdoor particles and depo-
sition losses will be small compared to infiltration. Thus we can
effectively separate penetration and deposition losses. In some
cases, chemical transformation can be an important confounder;
we discuss this further below.

Study Locations
To explore the effect of building characteristics on deposi-

tion losses and penetration factors, we applied this method in
two separate homes, each with very different construction. Ex-
periments were performed in two houses: one in Richmond,
California and a second in Clovis, California. The Richmond
house is a small, older, single-story building (59 m2) with wood
clapboard siding, un-insulated walls, and double-hung wooden
windows. The building is located in a relatively unsheltered lo-
cation near the San Francisco Bay and is subject to winds that
exhibit a significant diurnal variation in both wind speed and di-
rection, as well as occasional high wind speeds. Figure 1 shows a
floor plan of the house. All particle measurement equipment was
located in the living room and two oscillating fans sitting on the
floor were used to promote mixing, as shown in Figure 1. The
building contained a wall heater that was not operated during
these experiments.

The Clovis residence is a moderate-sized home (134 m2) con-
structed in 1972. It has a stucco exterior and single-glazed alu-
minum frame windows. The house is single story, with standard-
height ceilings (2.4 m), a forced air heating and cooling system
(which was not operated during these experiments), and ceiling
fans (which were operated during the experiments to promote
mixing). An additional oscillating fan located approximately
1.5 m from the floor was operated in the living room to dis-
perse tracer gas and promote mixing near the particle measure-
ment equipment. The house is located in a residential suburb of
Fresno, California, surrounded by mature trees and homes of a
similar height and size. The flat terrain and high level of shel-
tering resulted in relatively low levels of wind loading near the
building. Figure 2 shows a floor plan of this house, along with
the location of equipment.
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Figure 2. Floor plan of the experimental house located in Clovis, CA showing locations of ceiling fans, tracer gas measurements,
and differential pressure measurements. Particle measurement equipment was located in the living room and in the outdoor shed.

Blower door measurements, in which the amount of airflow
under various imposed pressure differentials is measured, are
commonly used to compare the relative “air tightness” of homes
(ASHRAE Standard 136 1993). These measurements can be
used to calculate normalized leakage (NL), which is the leakage
area normalized by floor area and a house height factor. The aver-
age house in the United States has a NL of 1.2 cm2/m2 (Sherman

and Matson 1997). The typical NL of a conventional new house
is approximately 0.55 cm2/m2 and a new well-sealed, energy-
efficient house is around 0.31 cm2/m2 (Sherman and Matson
2002). Older homes tend to have significantly larger NL than
newer homes (Sherman and Dickerhoff 1998). The Richmond
house has a normalized leakage area around 2.5 cm2/m2, indi-
cating that the structure is fairly “leaky” and that air penetrates
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the building easily. The Clovis house has a relatively low nor-
malized leakage area of 0.65 cm2/m2, indicating that it is better
sealed and may have a smaller proportion of the air leakage
occurring through large penetrations in the building shell.

Measurement Equipment
The indoor particle and gas measurement instruments were

located in the living room of each house. Systems to measure
tracer gas concentration and pressure differentials across the
building shell monitored the living room as well as several lo-
cations throughout the house, as shown in Figures 1 and 2. An
additional set of particle measurement devices was also located
outdoors at each house. In Richmond, the outdoor instruments
were located on a table approximately 30 feet upwind of the
house. In Clovis, the instruments were located in a shed adja-
cent to the house and samples were collected through a PM 10
inlet projecting approximately 10 feet above the shed roof.

Two aerodynamic particle counters (TSI, Model APS 3320),
one located indoors and one outdoors, were used to measure
size distributions for particles with aerodynamic diameters be-
tween 0.5 and 10µm. To assure that the measurements from
the two instruments were comparable, measurements with the
instruments sitting side-by-side were performed before and af-
ter each test series. The comparison tests were performed both
outdoors and indoors. The results were compared to determine a
collection efficiency ratio between the instruments for each size
bin. For a typical calibration series, the standard deviation of
the collection efficiency ratio was less than 0.1 for the individ-
ual particle size bins. The efficiency ratios were used to adjust
the concentrations obtained by the instruments and “match” the
results. For the Clovis experiments, the matching experiments
were performed with the outdoor instrument sampling through
the PM 10 inlet manifold so that manifold losses would be in-
cluded in the correction factor. The APS uses 52 size bins be-
tween 0.5 and 20µm. For our analysis, the smallest size bin and
all size bins over 10µm were eliminated, because of poor corre-
lation between instruments for the smallest size bin and the use
of the PM 10 inlet outdoors reduced or eliminated particles with
diameters larger than 10µm. Data in the remaining bins were
grouped to produce 12 size bins between 0.5 and 10µm. The
concentration in the largest of these bins was often very low in-
doors, particularly in the Clovis house with its low air exchange
rates. For each size bin, we excluded periods where there were
insufficient counts in the bin to provide adequate count statistics
from our analysis, typically around 5 counts per measurement
interval.

Two optical particle counters (Particle Measurement System,
Model LAS-X), one located indoors and one outdoors, were used
to measure size distributions for particles with optical diameters
between 0.1 and 3µm. The instruments were “matched” in
a manner analogous to that used for the aerodynamic particle
counters with similar precision in the collection efficiency ratio.
The smallest and largest size bins were excluded due to diffi-
culty in matching and a low number of counts indoors for the

larger sizes. Calibrations using an Electrostatic Classifier (TSI
Inc, Model 3071) were performed with ambient particles to de-
termine the appropriate conversion from optical to aerodynamic
size. However, the conversion from optical to aerodynamic di-
ameter is highly dependant on particle composition and varies
over time. In particular, variations in the chemical composition
of the aerosol, such as high levels of carbonaceous aerosol, will
lead to errors in the conversion from optical to aerodynamic
diameter. As a result, we report our concentrations in terms of
optical diameter for measurements performed with the optical
counters. The optical diameter is not necessarily expected to be
identical to the aerodynamic diameter for the particles studied.

In Clovis, CA, a substantial and highly variable fraction of the
ambient aerosol can be composed of ammonium nitrate parti-
cles. These particles have been shown to dissociate into ammonia
and nitric acid in the indoor environment (Lunden et al. 2003)
and therefore cannot be readily modeled with a simple physical
model that assumes that the particles are conserved. To deter-
mine the contribution of ammonium nitrate particles to the out-
door aerosol during these experiments, PM2.5 nitrate, carbon,
and sulfate were measured with 10 min resolution using the in-
tegrated collection and vaporization method of Stolzenburg and
Hering (2000). This method collects PM2.5 particulate matter
by humidification and impaction onto a 1 mmdiameter spot
on a metal substrate. The sample is then analyzed by flash-
vaporization and quantitation of the evolved vapor compounds.
Nitrate concentrations are measured using low-temperature va-
porization in a nitrogen carrier gas with quantitation of the
evolved vapors using a chemiluminescent monitor equipped
with a molybdenum converter to reduce higher oxides of nitro-
gen to nitric oxide. Sulfate and carbon analyses are performed
using high-temperature heating, with analysis of the evolved sul-
fur dioxide by UV fluorescence and carbon dioxide by nondis-
persive infrared absorption.

Indoor and outdoor measurements were performed simulta-
neously using a four-cell system. One pair of cells (one indoors
and one outdoors) was used for nitrate measurements. A sec-
ond pair was used for the combined measurement of carbon and
sulfate. The outdoor nitrate cell and outdoor sulfate-carbon cell
were housed indoors inside a box that was ventilated with out-
door air to maintain near-outdoor temperature at the point of
sample collection. A more detailed description of this system
can be found in Lunden et al. (2003).

Air infiltration rates were measured using sulfur hexafluoride
tracer gas techniques (ASHRAE 1997) with a photo-acoustic
infrared detector system (Bruel and Kjaer, Model 1312). For the
Richmond experiments, an injection/decay method was used. In
this method, a pulse of tracer gas is injected and mixed within
the space. The loss of tracer gas over time is then monitored at
three to six locations and the concentration decay rate is used to
determine the infiltration rate. During the Clovis experiments, a
constant injection system was used. In this method, tracer gas
is injected at a constant rate before and during each experiment.
The time-varying infiltration rate is calculated using a transient
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mass balance approach that accounts for the injection rate and
the time-dependent infiltration losses. In general, the calculated
air exchange rate at a given time was essentially the same for
each measurement location within the house, and the average
concentration for all locations was used in the model. The only
exception occurred when the window-mounted HEPA filter was
operated in the Clovis residence. During these periods, the SF6

concentration in the room containing the HEPA fan was very
low and that measurement point was excluded from the average
in order to obtain an air exchage rate more representative of the
entire house.

An automated, multiple channel differential pressure sys-
tem (Energy Conservatory, APT 8) was used to monitor pres-
sure differentials across the building shell at various points for
each house (see Figures 1 and 2) and to assure that pressur-
ization with the HEPA filtration system was always positive
(inside with respect to outside) on all surfaces of the building
envelope.

Analysis Method
The concentration of particles indoors is a balance between

the sources and sinks of particles in the indoor environment.
Figure 3 illustrates potentially important factors affecting in-
door concentrations. In the most general form, the indoor
concentration of particles of a specific size and composition
particle can be represented by the following equation:

∂CI

∂t
= (CoP − CI )λv −CI β +G+ S+ F + K + H, [1]

Figure 3. Schematic of particle transport, transformation, and removal processes in the indoor environment.

whereCI is the indoor particle concentration at timet (# cm−3),
t is time (h),Co is the outdoor particle concentration at timet
(# cm−3), P is the penetration factor,λv is the air exchange rate
(h−1), β is the deposition loss rate (h−1), G is the generation
of particles indoors (# cm−3 h−1), S is the particle formation
through gas-particle conversion (# cm−3 h−1), F is the particle
formation due to chemical reaction (# cm−3 h−1), K is the particle
size change through coagulation (# cm−3 h −1), and H is the
particle size change through hygroscopic growth (# cm−3 h−1).

For the conditions and particle size ranges used in these exper-
iments, we do not expect coagulation (K), hygroscopic growth
(H), or formation (F) to have a significant impact on indoor par-
ticle concentrations. In addition, care was taken to avoid indoor
sources (G) by using an unoccupied space and operating equip-
ment, such as pumps, that could generate particles outdoors.
Therefore, we assume that these effects are negligible in our
analysis. During some experiments, observations indicated that
the results were complicated by dissociation and vaporization
of ammonium nitrate particles (S). Periods of high ammonium
nitrate were excluded from our results. For the periods selected
for our analysis, we could reduce the mass balance equation to

∂CI

∂t
= CoPλv − CI (λv + β). [2]

Under steady-state conditions, this equation is solved easily
for a constant outdoor concentration and stable infiltration rate.
However, in most real-world situations—as was the case for
these experiments—there is significant time variation inCo and
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λv, causing the steady-state solution to be invalid. When∂CI /∂t
is not zero, the equation can be solved using a basic “forward-
marching” scheme with time step,1t , as shown below:

CI (t2) = CI (t1)+PCo(t1)λv(t1)1t−CI (t1)(λv(t1)+β)1t. [3]

In these experiments, the time step used was 3 min, correspond-
ing to the measurement interval for the size-resolved instru-
ments.

The equation-solving methodology employed the minimiza-
tion of the sum of the square of the differences between the
measured and modeled indoor concentration at each time step
divided by the measured concentration at that time. Since the
concentration varied over several orders of magnitude during
each experiment (from a maximum after resuspension to a min-
imum during the filtration period), dividing by the measured
concentration normalized the weighting of each point over the
entire experiment. Although this leads to biases due to measure-
ment errors, it was found to provide better fits over the entire
data range than those produced by other weighting schemes.
For instance, without weighting the high concentrations periods
dominated and the curve fit at lower concentrations was poor,
and a weighting scheme minimizing the inverse of the mea-
sured/modeled difference led to large errors at high concentra-
tions. Individual measurements which appeared to be inaccurate
due to either equipment limitations or instabilities were excluded
from the analysis if they exhibited the following characteristics:
(1) zero or near zero counts or (2) one or more points where
counts differ by more than 50% from the counts in both the
preceding and following measurements in the time series, with
no physical explanation. In general, the excluded measurements
represented less than 1% of the total number of points, with the
exception of the largest size channel of each instrument, which
exhibited very low particle counts over significant periods.

The Excel spreadsheet tool SOLVE (Microsoft Corporation,
Redmond, WA) was used to determine the deposition loss rate,
β, and penetration factor, P, which minimized the sum of the
weighting function residuals for each particle size range. Due to
bias introduced by weighting the model/measurement error by
the measured concentration, the average modeled concentration
tended to be slightly lower than the measured average concentra-
tion. This difference was typically less than 5%. In consideration
of this bias, the goodness-of-fit was determined using two mea-
sures: the first is the measured/modeled correlation coefficient
and the second is the difference between the measured and mod-
eled average concentration. If the correlation coefficient was less
than 0.95 or the difference between the average concentrations
was more than 10% for a time series reconstruction for a given
particle size range, then the fit was rejected and the results were
discarded. Typically the model performed very well and few
rejections were observed, for example, in the Richmond exper-
iments, 12 of the 122 reconstructions were rejected, and only 3
of the 81 reconstructions were rejected in the Clovis data. One
experiment performed at the Clovis house was discarded due

to problems associated with interference by ammonium nitrate,
which will be discussed in more detail subsequently. For each
particle size range, the deposition loss rates and penetration fac-
tors obtained from the reconstructions were averaged over all
experiments performed at each home. The average and standard
deviation are reported for each site.

RESULTS AND DISCUSSION
The penetration rebound method produces a characteristic

indoor particle profile as shown in Figure 4 for smaller particle
sizes measured with the optical particle counter and Figure 5 for
larger particles measured with the aerodynamic particle counter.
Immediately following resuspension, indoor concentrations are
significantly higher than during the quiescent periods at the end
of each experiment, for all but the smallest particle sizes. Con-
centrations of particles greater than 0.5µm typically increase by
more than a factor of 5, and particles larger than 3µm increased
by more than a factor of 10, compared with the quiescent back-
ground. Similarly, during the period when the house was pres-
surized with filtered air, indoor concentrations are significantly
lower than quiescent concentrations. This large range of indoor
concentrations increases the sensitivity of the method and im-
proves the ability to find unique solutions for the penetration
factor and deposition rate. However, the use of resuspended and
natural gas stove-generated particles as sources of additional
particle concentrations indoors may introduce error into the cal-
culations if the properties of these particles (such as shape and
density) are different than those found in ambient air. To the
extent that resuspended particles represent materials originally
deposited from air, they should be similar to ambient particles
but lacking the most volatile or unstable components. The por-
tion of resuspended particles originating from tracked materials
may not represent the chemical composition of ambient air well,
but as long as they are stable and similarly shaped the deposition
behavior should be similar to that observed for ambient particles.
Mechanically separated materials, such as fibers, are typically
larger than 10µm and would not be included in the measure-
ments. Particles from natural gas combustion should be similar
to those in other fresh combustion aerosols, but they may not
represent other submicron particles, such as inorganic aerosols,
well if the densities are significantly different.

Changes in the outdoor concentration during the experiment
increase the sensitivity of the fit because deposition losses are
a function of indoor concentration, and penetration losses are
a function of outdoor concentrations. Consequently, outdoor
concentration variability helps differentiate the effects of pen-
etration and deposition losses. Significant changes in outdoor
concentration occur over the course of one or more hours on a
typical day, but they can occur more rapidly, for instance when
the wind direction shifts. For particle sizes near the larger end
of an instrument’s range, low indoor particle counts often lead
to poor count statistics and a high degree of sample-to-sample
variability, especially during the rebound phase or when air ex-
change rates are low. This variability can lead to a decrease in
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Figure 4. Measured and modeled indoor particle concentrations for several optical particle diameter ranges during a typical run
in Richmond, CA. The larger particle size ranges show increased sample-to-sample variability due to the low number of counts
per sample period.

the sensitivity of the fit of the model to the data. Figures 4 and
5 illustrate the data and model fit during the experiments. The
model fits well on both the downward sloping deposition phase
and on the upward sloping rebound phase, indicating that both
deposition and penetration losses are appropriately described.

The sensitivity of the model fit to the penetration factor value
can be seen in Figure 5. This example uses APS data from the
Richmond experiments with the model constrained to a penetra-
tion factor arbitrarily fixed at 0.5, leaving the deposition rate as
the sole fitting parameter. The fixed penetration factor results in
poorer fits and reduced correlation coefficients (from 0.994 to
0.965 for 0.9–1.1µm, from 0.996 to 0.973 for 2.1–2.6µm, and
from 0.993 to 0.988 for 5.0–6.2µm). In this example, where the
penetration factor is lower than the “best-fit” penetration factor,
the solver reduces the modeled deposition rate to compensate
for the artificially low penetration rate. This results in an over-
prediction of the indoor concentration in the initial period just
following resuspension, when deposition is the dominant loss
mechanism. Later in the experiment, when indoor concentra-
tions are lower, the effect is reversed, with the model under-
predicting indoor concentrations. If the penetration factor were
fixed above the “best-fit” value, the opposite would be observed.
These results demonstrate that constraining the penetration rate

creates a situation where it is not possible to adequately fit both
the concentration decay and rebound portions of an experiment.

At the Clovis site, the effects of ammonium nitrate dissocia-
tion and vaporization indoors confounded the effects of pen-
etration factor and deposition rate on indoor concentrations.
Figures 6 and 7 illustrate this effect. As shown in Figure 6,
the outdoor ammonium nitrate concentrations are low and the
modeled particle concentrations match the measured particle
concentrations well early in the experiment. Later, when the
outdoor nitrate concentrations rise rapidly, the outdoor particle
counts show a similar rise for particles in size bins between 0.3
and 1µm, but exhibit little effect for larger or smaller particles.
This suggests that outdoor ammonium nitrate particles have di-
ameters primarily between 0.3 and 1µm. The model predicts
that indoor particle concentrations will increase substantially
when the outdoor particle concentrations increase, as expected
from Equations (2) and (3). However, indoor measurements of
indoor particle nitrate concentration and indoor particle concen-
trations do not show corresponding responses. This indicates
that deposition and penetration losses are not the only processes
affecting the indoor particle concentrations at this site during
times of high outdoor ammonium nitrate concentrations. As a
consequence, a simple chemical-conservative model cannot be
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Figure 5. Measured and modeled indoor concentrations for selected aerodynamic particle diameters during a typical experiment
at the Richmond site. For the constrained model, the penetration factor is fixed at 0.5 and the deposition rates are determined using
the same residual minimization process as used in the unconstrained results.

used to represent adequately the indoor particle concentration
during these periods. Methods used for assessing losses of par-
ticle nitrate and conversion to gaseous ammonia and nitric acid
indoors are described in more detail by Lunden et al. (2003) and
Fischer et al. (2003).

Determining the size distribution for ammonium nitrate and
subtracting the nitrate particles from the size-resolved particle
concentrations both indoors and outdoors could remove the ef-
fect of nitrate transformation. Since our time-resolved nitrate
measurements are not size-resolved, this method would require
a very stable nitrate size distribution. Figure 7 shows indoor
and outdoor particle concentrations for selected size ranges and
PM2.5 nitrate concentrations measured both outdoors and in-
doors during a period when no rebound experiments were con-
ducted. Initially the outdoor PM 2.5 nitrate concentration is low
and stable. Between approximately 0900 and 1200, a nitrate
peak occurs outdoors. The outdoor particle size distributions
for particles with diameters less than about a micron exhibit
peaks during the nitrate episode. The response appears first in
the 0.15 to 0.2µm size bin and shifts to larger size ranges as
the episode develops. By the time the outdoor PM 2.5 nitrate
concentration reaches a maximum, the peak is seen predomi-

nantly in the 0.65 to 0.80µm size bin. Based on the response
seen in the outdoor size distribution, the average size of the
PM2.5 nitrate particles appears to increase as the nitrate peak
episode progresses. These sizes are consistent with the bimodal
ambient nitrate distribution reported by John et al. (1990). The
shifting nitrate size distribution makes it difficult to remove the
outdoor ammonium nitrate particles from the size distribution,
in the absence of size-resolved nitrate measurements. The indoor
size distributions indicate no corresponding increase in concen-
tration during the nitrate peak episode, suggesting that either
the ammonium nitrate aerosols are dissociating very rapidly in-
doors or they aren’t being transported across the building shell.
This latter seems unlikely, as other particles in the apparent size
range of the ammonium nitrate particles have penetration factors
greater than∼0.8.

Due to the difficulties caused by ammonium nitrate dissocia-
tion and vaporization indoors, we chose to calculate penetration
factors and deposition rates for the Clovis house using data only
from those portions of the experiments where the outdoor con-
centrations of ammonium nitrate were low and relatively sta-
ble. Despite this constraint, ammonium nitrate may still exhibit
a somewhat confounding effect on the results because overall
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Figure 6. Measured and modeled indoor concentrations for selected optical particle diameter size ranges, along with outdoor
PM2.5 nitrate concentrations at the Clovis, CA site. The increase in outdoor PM2.5 nitrate does not result in corresponding increases
in indoor particle concentrations, as would be predicted by the simple physical model that assumes that particles do not undergo
phase change.

particle concentrations were also low during these periods. This
may result in artificially low penetration rate predictions for
submicron particles in the Clovis experiments. Since the indoor
particles during the deposition portion of the experiments consist
mainly of resuspended and/or generated particles, calculated de-
position rates are less likely to be affected by ammonium nitrate
losses.

Table 1 lists experimental parameters for each of the exper-
iments performed. Figure 8 illustrates how particle concentra-
tions and conditions change over the course of an experiment.
The best fit parameters and standard deviations for penetration
factor and deposition loss rate at various particle sizes are listed
in Table 2. Figures 9 and 10 compare the deposition loss rates and
penetration factors obtained at the two sites. The optical diam-
eter values for the Richmond site represent the best fit achieved
by applying the two-parameter transient model to the data for
five experiments conducted during March and April 2000. The
aerodynamic data are based on only four of these experiments
because the equipment failed during one of the experiments.
The values for the Clovis site represent the best fit for three
experiments conducted during August, September, and October
2000.

Deposition rates for the Richmond and Clovis houses are
similar and fall within the range of deposition rates found by
other researchers (Thatcher and Layton 1995; Fogh et al. 1997;
Mosley et al. 2001). The deposition loss rates at the Clovis resi-
dence were slightly lower than those observed for the Richmond
building for all particle sizes, but the differences were not sta-
tistically significant when individual points are compared. De-
position rates can vary between residences and within a single
residence for many reasons. Thatcher et al. (2002) showed that
both the indoor air speed (related to the internal mechanical en-
ergy) and the amount of furnishings influence deposition loss
rates. In these experiments, the fans used to improve mixing in-
doors are expected to increase deposition rates over those that
would be found in the absence of fans. Consequently, the depo-
sition rates reported here are more representative of homes using
fans or forced air heating and cooling than those without. During
periods when the window-mounted HEPA filter operated, depo-
sition may have been further enhanced in the room in which the
HEPA system was located. However, the air exchange rate is
high during HEPA filter operation, and the relative contribution
of enhanced deposition to the overall particle loss rate is ex-
pected to be small. Moreover, the duration of the filter operation
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Figure 7. Indoor and outdoor concentrations for PM2.5 nitrate and selected optical particle diameter size ranges. The outdoor
nitrate peak results an increase in the outdoor particle concentration for particles with optical particle diameters between 0.1 and
1.0µm but does not result in a corresponding increase in indoor concentrations.

when particle concentrations are high (and thus total particle
losses are potentially important) is short, approximately 15 to
20 min compared with the total time of the experiment, ca 5–6 h.
Thus the possible effect of enhanced deposition due to the op-
eration of the HEPA filter system is quite small. Both indoor air
speed and furnishing level varied between the 2 homes. Mean
air speed may also have varied between experiments at the same
home due to changes in surface-to-air temperature differences.

Penetration factors at the Richmond house were near unity
for all but the largest and smallest particle sizes. Since it is an
older building with a relatively high NL area and is constructed
with double hung wooden windows and wood siding, the
Richmond house is presumed to have larger cracks through the
building shell. Large cracks are not expected to be very efficient
for removing particles (Liu and Nazaroff 2001). Penetration
rates for the Clovis house were lower than those at the
Richmond house, ranging from∼0.8 for particles 0.2 to 0.5µm
to just over 0.3 for particles 5µm and larger. This may mean that
in the tighter construction of the Clovis house, the penetration
pathways are smaller and more effective for removing particles.

However, there are no published studies on the correlation, or
lack of correlation, between NL area and average leakage crack
dimensions. For particles between 0.1 and 1.0µm there may be a
confounding effect due to ammonium nitrate dissociation in the
Clovis house, since ammonium nitrate particles are in this size
range—see Figure 7 and John et al. (1990), even though the data
sets were selected to avoid periods of high nitrate measurements.
This may yield calculated penetration factors that are lower than
the actual penetration factor for particles in this particular size
range.

The correlation between the deposition rates calculated by the
two sets of instruments (APS and LAS-X) is very good for most
sizes, especially considering that the instruments measure parti-
cles in a different manner (aerodynamic and optical diameter, re-
spectively). The standard deviations for the deposition loss rates
averaged about 60% of the deposition rate value. It is not clear
from this study how much of this variation is due to measurement
and fitting inaccuracies and how much is due to actual variability
in the deposition rate. A comparison of previous research has in-
dicated that deposition loss rates can vary considerably based on
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Figure 8. Air exchange rate and indoor and outdoor temperature, relative humidity, pressure difference, and concentrations for
selected particle sizes as a function of time over the course of a typical experiment.

conditions within the interior space (Thatcher et al. 2002). The
standard deviations for the penetration factors averaged 16% of
the penetration factor, and once again the portion of the variabil-
ity attributable to experimental uncertainty as opposed to varia-

tions in the actual derived rate is unclear. The data and model of
Liu and Nazaroff (2001, 2003) and the experiments of Mosely
et al. (2001) suggest that the penetration factor is a function of
pressure differential across the crack (reflecting flow rate effects
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Figure 9. Averages and standard deviations of the parameter fits at the Richmond site for (a) penetration factor and (b) deposition
loss rate as a function of optical and aerodynamic particle diameter. The optical and aerodynamic diameters are not necessarily
identical for a given particle.

Figure 10. Averages and standard deviations of the parameter fits at the Clovis site for (a) penetration factor and (b) deposition
loss rate as a function of optical and aerodynamic particle diameter. The optical and aerodynamic diameters are not necessarily
identical for a given particle.
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within the building envelope). It is not unreasonable to assume
that the penetration factor in real homes will vary with environ-
mental conditions, as these variations induce time variations in
the differential pressure across the building shell. The parameter
fit is not as sensitive to penetration factor as it is to deposition
rate, since the decay period—which provides the best fitting
data for deposition losses—is typically longer than the rebound
period—which provides the best fitting data for the penetration
rate, and therefore provides more data points for the model fit.
Consequently, more model fit uncertainty is expected for the pen-
etration factor. This is especially true in the upper size channels
of both instruments, which sometimes record only a few parti-
cles during a measurement period, leading to noisy data and poor
count statistics that reduce the accuracy of the reconstructions.

CONCLUSIONS
Deposition and penetration losses are both important fac-

tors influencing indoor particle concentrations and resulting ex-
posures. Since these factors operate simultaneously in the in-
door environment, it can be difficult to separate their effects
experimentally. We have demonstrated an effective method for
determining size-resolved penetration factors and deposition
loss rates in full-scale homes. The two houses studied rep-
resent two distinctly different portions of the housing stock
and air leakage spectrum; from a leakier, older style build-
ing with wood siding construction to a newer style building
with tighter construction. Although deposition loss rates were
similar for the two houses, penetration factors were signifi-
cantly different. The older home had high penetration factors
(near 1 for most particle sizes), while the newer home showed
significant filtration by the building shell (penetration factors
near 0.3 for particles larger than 5µm). Deposition rates were
slightly, but not significantly, higher in the older house. De-
position rate differences can be caused by differences in in-
door air speed and/or differences in surface-to-volume ratio.

The composition of the ambient aerosol was shown to have
a significant impact on the results and their interpretation as
determined from some of the field experiments where ammo-
nia nitrate concentrations were particularly large. Changes in the
physical environment and gas phase contaminant concentrations
indoors can lead to transformation processes, such as ammonium
nitrate dissociation, which confounds the interpretation of ex-
periments designed to quantify aerosol losses that result from
crossing the building shell. Care must be taken to identify and ac-
count for the impact of these processes, in order to avoid improp-
erly attributing their effects to deposition or penetration losses.
Consideration and quantification of the various loss mecha-
nisms must also be accounted for when estimating exposure.

The method demonstrated here permits the determination of
deposition and penetration with minimal ambiguities. However,
we applied the technique to only two houses. Additional work
is required to obtain a better understanding of the range, vari-
ability, and particle size dependence of the penetration factor in

a representative range of real homes. This information will be
especially important in evaluating potential causal relationships
between specific particle characteristics, such as size, and health
outcomes.

REFERENCES
Abt, E., Suh, H. H., Catalano, P., and Koutrakis, P. (2000). Relative Contribution

of Outdoor and Indoor Particle Sources to Indoor Concentrations.Environ-
mental Sci. Technol.34:3579–3587.

ASHRAE Standard 136. (1993).A Method for Determining Air Change Rates
in Detached Dwellings, American Society of Heating, Refrigerating, and Air-
Conditioning Engineers, Atlanta, GA.

ASHRAE. (1997).ASHRAE Handbook: Fundamentals. American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Atlanta, GA.

Byrne, M. A., Goddard, A. J. H., Lange, C., and Roed, J. (1995). Stable Tracer
Aerosol Deposition Measurements in a Test Chamber.J. Aerosol Sci.26:645–
653.

Chao, C. Y. H., and Tung, T. C. (2001). An Empirical Model for Outdoor Contam-
inant Transmission into Residential Buildings and Experimental Verification,
Atmos. Environment35:1585–1596.

Cristy, G. A., and Chester, C. V. (1981). Emergency Protection for Aerosols.
Oak Ridge National Laboratory Report, ORNL-5519, Oak Ridge, TN.

Dockery, D. W., Pope, C. A., Xu, X. P., Spengler, J. D., Ware, J. H., Fay, M. E.,
Ferris, B. G., and Speizer, F. E. (1993). An Association Between Air Pollution
and Mortality in Six United-States Cities,New England J Med.329:1753–
1759.

Fischer, M. L., Littlejohn, D., and Brown, N. J. (2003). Automated Measure-
ments of Ammonia and Nitric Acid in Indoor and Outdoor Air, submitted to
Environmental Sci. Technol. 37:2114–2119.

Fogh, C. L., Byrne, M. A., Roed, J., and Goddard, A. J. H. (1997). Size Specific
Indoor Aerosol Deposition Measurements and Derived I/O Concentration
Ratios.Atmos. Environment31:2193–2203.

Jenkins, P. L., Phillips, T. J., Mulberg, E. J., and Hui, S. P. (1992). Activity
Patterns of Californians: Use of and Proximity to Indoor Pollutant Sources,
Atmos. Environment26A:2141–2148.

John, W., Wall, S. M., Ondo, J. L., and Winklmayr, W. (1990). Modes in the
Size Distribution of Atmospheric Inorganic Aerosol,Atmos. Environment
24A:2348–2359.

Koutrakis, P., Briggs, S. L. K., and Leaderer, B. P. (1992). Source Apportionment
of Indoor Aerosols in Suffolk and Onondaga Counties, New York,Environ-
mental Sci. Technol.26:521–527.

Lewis, S. (1995). Solid Particle Penetration into Enclosures,J. Hazardous Mat.
43:195–216.

Liu, D. L., and Nazaroff, W. W. (2003). Particle Penetration Through Building
Cracks, submitted toAerosol Sci. Technol.37:565–573.

Liu, D. L., and Nazaroff, W. W. (2001). Modeling Pollutant Penetration Across
Building Envelopes,Atmos. Environment35:4451–4462.

Long, C. M., Suh, H. H., Catalano, P. J., and Koutrakis, P. (2001). Using Time-
and Size-Resolved Particulate Data to Quantify Indoor Penetration and De-
position Behavior,Environmental Sci. and Technol. 35:2089–2099.

Lunden, M. M., Thatcher, T. T., Kirchstetter, T. W., Hering, S. V., and Brown,
N. J. (2003). The Use of Time- and Chemically-Resolved Particulate Data to
Characterize the Infiltration of Outdoor PM-2.5 into a Residence in the San
Joaquin Valley, submitted toEnvironmental Sci. Technol.

McMurry, P. H., Stanbouly, S. H., Dean, J. C., and Teichman, K. Y. (1985). Air
and Aerosol Infiltration into Homes,ASHRAE Trans.91A:255–263.

Mosley, R. B., Greenwell, D. J., Sparks, L. E., Guo, Z., Tucker, W. G., Fortmann,
R., and Whitfield, C. (2001). Penetration of Ambient Fine Particles into the
Indoor Environment,Aerosol Sci. Technol.34:127–136.

Offermann, F. J., Sextro, R. G., Fisk, W. J., Grimsrud, D. T., Nazaroff, W. W.,
Nero, A. V., Revzan, K. L., and Yater, J. (1985). Control of Respirable Parti-
cles in Indoor Air with Portable Air Cleaners.Atmos. Environment19:1761–
1771.



864 T. L. THATCHER ET AL.

Ott, W., Wallace, L., and Mage, D. (2000). Predicting Particulate (PM10) Per-
sonal Exposure Distributions Using a Random Component Superposition Sta-
tistical Model,J. Air & Waste Management Assoc.50:1390–1406.

Pope, C. A., Bates, D. V., and Raizenne, M. E. (1995). Health Effects of Partic-
ulate Air Pollution: Time for Reassessment?Environmental Health Perspec-
tives103:472–480.

Riley, W. W., McKone, T. E., Lai, A. C. K., and Nazaroff, W. W. (2001). Indoor
Particulate Matter of Outdoor Origin: Importance of Size-Dependent Removal
Mechanisms, Lawrence Berkeley National Laboratory Report, LBNL-47437,
Berkeley, CA.

Robinson, J., and Nelson, W. C. (1995).National Human Activity Pattern Survey
Data Base, USEPA, Research Triangle Park, NC.

Roed, J., and Cannell, R. J. (1987). Relationship Between Indoor and Outdoor
Aerosol Concentration Following the Chernobyl Accident,Radiation Protec-
tion Dosimetry21:107–110.

Samet, J. M., Zeger, S. L., Dominici, F., Curriero, F., Coursac, I., Dockery, D.
W., Schwartz, J., and Zanobetti, A. (2000). The National Morbidity, Mortality,
and Air Pollution Study, Part II, Morbidity and Mortality from Air Pollution
in the United States, Research report 94, part II, Health Effects Institute,
Cambridge, MA.

Sherman, M. H., and Dickerhoff, D. J. (1998). Air Tightness of US Dwellings,
ASHRAE Trans.104(2):1359–1367.

Sherman, M. H., and Matson, N. E. (1997). Residential Ventilation and Energy
Characteristics,ASHRAE Trans.103(1):717–730.

Sherman, M. H., and Matson, N. E. (2002). Air Tightness of New U.S. Houses: A
Preliminary Report, Lawrence Berkeley National Laboratory, LBNL-48671.

Stolzenburg, M. R., and Hering, S. V. (2000). Method for the Automated Mea-
surement of Fine Particle Nitrate in the Atmosphere,Environmental Sci. Tech-
nol. 34:907–914.

Thatcher, T. L., and Layton, D. W. (1995). Deposition, Resuspension, and Pen-
etration of Particles Within a Residence,Atmos. Environment29(13):1487–
1497.

Thatcher, T. L., Lai, A. C. K., Moreno-Jackson, R., Sextro, R. G., and Nazaroff,
W. W. (2002). Effects of Room Furnishings and Air Speed on Particle Depo-
sition Rates Indoors,Atmos. Environment36:1811–1819.

Thatcher, T. L., McKone, T. E., Fisk, W. J., Sohn, M. D., Delp, W. W., Riley,
W. J., and Sextro, R. G. (2001). Factors Affecting the Concentration of Out-
door Particles Indoors (COPI): Identification of Data Needs and Existing
Data, Lawrence Berkeley Nation Laboratory, Berkeley, CA, LBNL/PUB-
49321.

Tung, C. W., Chao, Y. H., and Burnett, J. (1999). A Methodology to Investi-
gate the Particulate Penetration Coefficient Through Building Shell,Atmos.
Environment33:881–893.

Vette, A. F., Rea, A. W., Lawless, P. A., Rodes, C. E., Evans, G., Highsmith,
V. R., and Sheldon, L. (2001). Characterization of Indoor-Outdoor Aerosol
Concentration Relationships During the Fresno PM Exposure Studies,Aerosol
Sci. Technol., 34:118–126.

Wallace, L. (1996). Indoor Particles: A Review.J. Air & Waste Management
Assoc. 46:98–126.

Xu, M. D., Nematollahi, M., Sextro, R. G., Gadgil, A. J., and Nazaroff, W. W.
(1994). Deposition of Tobacco Smoke Particles in a Low Ventilation Room,
Aerosol Sci. Technol.20:194–206.


